Electric power systems are vulnerable to extensive damage due to hurricanes with most of the damage concentrated on overhead distribution systems. There is evidence that climate change will affect future hurricane patterns. Additionally, wood poles, which are most commonly used in distribution systems, are susceptible to decay.
Introduction
Asset management is one of the crucial aspects of concern to decision makers such as power distribution companies and involves several actions such as component acquisition, maintenance, replacement, and disposition. One of the most important aspects of asset management is preventive or corrective maintenance. The purpose of such maintenance measures is to extend the service life of components and/or reduce their probability of failure. Utility companies are constantly exploring ways to optimize the use of available resources for maintenance while ensuring an acceptable level of reliability.
Overhead power distribution systems consist of conductors and other electrical equipment supported by poles. The large number of such distribution poles make them critical to overall asset management in distribution systems not only because of their impact on reliability but also in terms of cost. For example, there are an estimated 5 million wood poles in Australia, with a net worth of over $10 billion [1, 2] . In the United States (U.S.), it is estimated that there are between 160 million and 180 million wood poles supporting distribution and transmission networks [3] .
Wood poles are mostly used due to advantages such as low initial cost and natural insulation properties [4] . Wood poles are, however, susceptible to decay over time which leads to decrease in strength [5] . As such, utility companies carry out periodic inspections and necessary maintenance of wood poles over time. Given the scale of pole networks and their susceptibility to decay, it is reasonable to assume that a systematic risk-based or reliability-based maintenance policy would lead to considerable cost savings and failure risk mitigation.
Power distribution systems, especially the distribution poles and lines, are susceptible to extensive damage due to hurricanes. For example, in 1992, Hurricane Andrew caused the failure of about 10% of distribution poles which resulted in a power outage to 44% of customers of Florida Power & Light [6, 7] . In 2004, four major hurricanes struck Florida causing a combined economic loss of over $20 billion and damaging every segment of Florida's electricity infrastructure which resulted in a power outage to over 9.6 million customers combined [8] . The impact of hurricanes on distribution systems is compounded when the potential impact of climate change is considered. The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) noted a variation in weather patterns and projected an increase in the intensity of storms [9, 10] . Gutowski et al. [11] projected that a 1.6ºC rise in sea surface temperature could increase tropical wind speeds by as much as 13%, with 10% to 31% more precipitation.
This implies that both the strength of poles and hazard intensity are time-dependent and a comprehensive long-term maintenance policy should take these new climate conditions into account.
In the face of limited resources available for preventive maintenance, an optimization approach is necessary. While maintenance optimization for electrical components of distribution systems considering common cause failures has been studied (e.g. Hilber et al. [12] , Lehtonen [13] , Abbasi et al. [14] , Sittithumwat et al. [15] , Arab et al. [16] ), research on maintenance optimization for distribution poles subjected to hurricane hazard considering the potential impact of climate change is scarce. Ryan et al. [2] presented a framework for the reliability assessment of treated and untreated distribution poles subjected to wind load incorporating deterioration and network maintenance using an event-based Monte Carlo simulation. While the framework advances the state-of-the-art by incorporating network maintenance, it did not attempt to optimize maintenance strategies nor consider system performance. Winkler et al. [17] present a methodology for combining hurricane damage predictions and topological properties to investigate the impact of hurricanes on system reliability. Substations, transmission lines, and distribution lines were considered in the study. System reliability was found to correlate with topological features such as meshedness, centrality, and clustering.
Other research on distribution poles subjected to hurricane hazard includes Bjarnadottir et al. [18] , Gustavsen and Rolfseng [19] , and Francis et al. [20] . These papers, however, did not consider preventive maintenance of the poles, system performance, and optimization. Datla and Pandey [21] developed a probabilistic model for estimating the life expectancy of wood poles as well as determining the optimal replacement age based on cost. Pierson and Blanc [22] studied the impact of various factors such as specie, pole size, nature of attachments, location, and material imperfection on the optimal replacement time of wood poles based on cost. Preventive maintenance and system performance was, however, not considered. 3 This paper presents a framework for optimal maintenance of distribution poles subjected to non-stationary hurricane wind hazard. The framework considers system performance using a topological-based probabilistic performance measure, cost constraints, climate change impact, and decay. In addition, both corrective and preventive maintenance of the system are considered. Three objectives are considered separately and simultaneously in the optimization: cost, service life of poles, and system performance. The optimization based on cost is constraint to the total lifetime length while the optimization based on service life and system performance are constraint to account for pole residual strength requirement. Fig. 1 shows a general flow chart of the proposed framework. The proposed framework is demonstrated using a notional power distribution system assumed to be located on the east coast of Florida in the U.S. Two preventive maintenance strategies are considered: a time-based chemical treatment and a condition-based repair using fiber reinforced polymer (FRP). The developed framework can be used for a more efficient and optimal use of resources to improve reliability and prolong the service life of distribution support structures considering uncertainty in both strength and applied load due to hurricane hazard. The paper is organized as follows: Section 2 presents the methodology used for component and network risk assessment. Section 3 describes the considered maintenance strategies as well as the framework for maintenance optimization. Section 4 illustrates the proposed methodology with a case study focusing on the maintenance optimization of a power distribution system of a 5,000-resident virtual city. 4
Component and Network Risk Assessment

Component Risk Assessment
As mentioned earlier, the vulnerable components considered in this research are the wood distribution poles supporting overhead lines. Component risk here is defined as the annual probability of failure of poles which is given by Equation (1):
where is the time-dependent cumulative distribution function (CDF) of component structural fragility, and
is the time-dependent probability density function (PDF) of the annual maximum hurricane wind speed. The ( , ) next two sections describe the evaluation of the time-dependent component fragility and hurricane wind load.
Time-dependent Component Vulnerability
The vulnerability of the poles is quantified using fragility analysis performed using Monte Carlo Simulation. The limit state function for the fragility analysis is given by Equation (2):
where R(t) is the time-dependent strength of the poles; S(t) is the load demand (i.e. bending stress) at the ground line.
Note that only flexural failure is considered in this research as it is the most common failure model for wood poles [17] . If data is available, other failure modes such as foundation failure and failure due to flying debris and falling trees can be easily incorporated into the framework. The steps of the fragility analysis are summarized in Fig. 2 Lognormal distribution has been shown to be appropriate to model fragility of wood distribution poles [18, 23] . The time-dependent cumulative distribution function (CDF) of component structural fragility, , in Equation (1) is ( , ) therefore modeled by the lognormal distribution given by Equation (3):
where m is the median of the fragility function; ζ is the logarithmic standard deviation of intensity measure; and is wind speed.
As a natural material, wood is susceptible to decay over time due mainly to biodeterioration of fungi or other living organisms. The decay of wood distribution poles usually occurs at or near the groundline [24] . 
where is the decay rate (mm/year) for untreated wood; is the wood parameter; is the climate parameter; and is the decay time lag. depends on wood specie and durability class and values are given in Wang et al. [25] for heartwood, sapwood, and core wood. As such, the decay model is a multi-layer deterioration model that accounts for the variation in properties of different layers of wood. Note that for untreated wood poles, the sapwood is usually removed due to its low durability [2] . accounts for rainfall and temperature for different locations in Australia. Based on Equations (4) and (5) , the depth of decay at time t is given by Equation (6).
For treated wood, an adjustment factor is given in Wang et al. [25] to account for the effect of chemical treatment.
6
Another decay model was developed by Li et al. [5] and modified by Shafieezadeh et al. [26] for wood poles in the U.S. The model was developed based on data from 13,940 in-service poles with age ranging from 1 to 79 years. The strength of a pole as a function of time is modelled by Equation (7) [26] :
where is the strength at time is the initial strength; , , , and are constants. is determined from ( ) ;
ANSI-O5.1 [27] for wood poles in the U.S. The values of , , , and were found from regression analysis as 1 2 1 2 0.014418, 0.10683, 1.3 x 10 -4 , and 1.846 respectively by Li et al. [5] and Shafieezadeh et al. [26] .
Note that in Equation (7), the term represent the percentage of decayed poles as a function of time which is also 1 2 the conditional probability that a pole at age t is decayed. This is because not all the poles were decayed in the data used to develop the model. As such, Equation (7) directly quantifies the uncertainty in decay occurrence through a stochastic model. The decay model, however, did not consider uncertainty due to both material properties and site conditions which make its application limited. Fig. 3 shows a comparison between the two decay models discussed above. For the Wang et al. [25] model, untreated southern pine is selected as it is the most dominant specie used in the U.S. for distribution systems [28] . The durability class is assumed to be class 2 based on the average service life of wood poles in the U.S. [18, 29] . In terms of climate, climate class B in [25] is chosen as it has a similar climate with Florida in the U.S. which is the chosen location for the demonstration of the proposed framework [18, 30] . For the sake of comparison, it is assumed that the wood pole is homogenous so that decay rate is constant throughout the cross section for the Wang et al. [25] model. It should also be noted that the conditional probability of decay term in Equation (7) is ignored to allow comparison. 
where is force (N), is air density factor, is exposure coefficient, is time-dependent basic 3-sec gust wind speed, is gust response factor, is force or drag coefficient, is topographic factor, and is the area projected on a plane normal to the wind direction (m 2 ). To account for P-Δ effect, ASCE-111 [33] recommends using the method developed by Gere and Carter [35] which is adopted in this research.
To perform the fragility analysis, the probability distribution of the strength of the poles is taken as a lognormal distribution [27] . The coefficient of variation (COV) of the initial pole strength is taken as 0.2 [27] . The COV increases after the onset of decay and is approximately given by Equation (9) [36]:
where is the COV at time t; is the COV of the initial strength; and represents the uncertainty in the , ,0 , decay depth. , given by Equation (10), accounts for the uncertainty in the decay parameters, testing variation, , and model uncertainty [36] :
where is the initial diameter; is an estimate of the mean decay depth at time t; and is the COV of the uncertainty of decay due to wood parameters. Values of for in-ground poles are 0.85, 0.9, 1.1, and 1.2 for wood of durability classes 1, 2, 3, and 4, respectively [36] . and in Equation (8) are taken as normally distributed with COV of 0.11 and 0.12, respectively [37] ; is taken as normally distributed with COV of 0.06 [33] ; the wind area of the poles and wires is taken as normally distributed with COV of 0.06 [28] ; and the pole height above ground is assumed to be normally distributed with a COV of 0.03.
Time-dependent Hurricane Hazard Model
Time-dependent hurricane hazard to account for the non-stationary wind speed is modeled through a simulation model that allows potential variation in both intensity and frequency of hurricanes to be considered. The flowchart of the simulation model is shown in Fig. 4 and it is based on the model developed by Xu and Brown [38] and described in Salman and Li [39] . The simulation model involves using site-specific statistics of key hurricane parameters and Monte Carlo simulation for assessing hurricane hazard level. Site-specific statistics of parameters can be derived from historical records. Within the simulation, parameters related to intensity and frequency of hurricanes can be modified to account for the potential impact of climate change.
Randomly sample number of hurricanes (n) in a given year based on hurricane frequency For the chosen location of the case study used in this paper which is in Florida, the parameters for the hurricane simulation are obtained from Xu and Brown [38] and Huang et al. [40] based on historical records from the North Atlantic Hurricane Data Base (HURDAT) and are shown in Table 1 . Note that hurricanes landing in all four regions of Florida (southeast, northeast, southwest, and northeast) are considered in the hurricane simulation model. For each simulated hurricane, the rise in central pressure after landfall which leads to decrease in intensity is modeled using the model developed by Vickery et al. [41] . Maximum wind speed decay after landfall due to friction and reduction in moisture is modeled using the KD9 model developed by Kaplan and DeMaria [42] . The radius to maximum wind, which defines the size of the hurricane, is calculated using the model developed in FEMA [43] .
The spatial variation of gradient wind speed at each time step for each hurricane is modeled using the wind field model developed by Holland [44] . The gradient wind speed is converted to surface and then 3-sec gust wind speed using factors of 0.8 and 1.287, respectively [38, 45, 46] . Note that the hurricane simulation model described above has been validated by the authors in Salman and Li [39] using wind speeds from ASCE-7 [47] which is the basis for calculating the design wind speed for structures in the U.S. There is a great deal of uncertainty in long-term climate prediction. One source of such uncertainty is the level of greenhouse gas emission. The climate at the end of the 21 st century, for example, will depend on measures taken or lack of to reduce the level of greenhouse gas emission by that time. Consequently, the best way to approach longterm risk assessment considering the potential impact of climate change is through a scenario-based approach. The Intergovernmental Panel on Climate Change (IPCC), for example, uses four greenhouse gas representative concentration pathways (RCPs) determined based on their radiative forcing at the end of the 21 st century [10] . The impact of the four scenarios on hurricane patterns has been studied over the years (e.g. Knutson et al. [48] , Mudd et al. [49] , Bender et al. [50] ). The maximum increase in intensity and frequency of hurricanes in the literature is 40%
and 35%, respectively [51, 52] . Hence, for the purpose of demonstrating the proposed framework, two climate scenarios will be considered: (i) baseline scenario, i.e., no change in intensity and frequency of hurricanes, and (ii) climate change scenario with 40% and 35% increase in hurricane intensity and frequency, respectively at the end of the 21 st century.
Increase in frequency is modeled by increasing the Poisson parameter which models the annual frequency of occurrence of hurricanes as shown in Table 1 . Increase in intensity is modeled by altering the central pressure of the hurricanes. Note that both central pressure and wind speed are a measure of hurricane intensity. However, FEMA [43] demonstrated that central pressure is a better measure of intensity than wind speed. This is because the errors associated with the measurement of wind speed are far greater than those associated with the measurement of central pressure. While considerable inter-and intra-decadal variation in frequency and intensity of hurricanes exists, it is assumed here that the change in both frequency and intensity is linear from the start of the analysis, which is assumed to be 2010 in this case, to the end of the 21 st century as suggested in [53] and [54] .
200,000 hurricanes years are simulated under the no climate change scenario as well as the assumed climate change scenario at the end of the 21 st century. The Weibull distribution was found to fit the maximum annual hurricane wind speeds from the simulation [39] . Hence, time-dependent probability density function (PDF) of the maximum annual hurricane wind speed, , in Equation (1) is modeled by the Weibull distribution which is given by Equation
:
where is the wind speed, and and are the parameters of the Weibull distribution. The parameters of the 
Network Performance
For electric power systems, models of performance measure can range from purely topological-based models to complex alternating current (AC) power flow models. Topological-or connectivity-based models only consider the manner in which system components are arranged (topology) to describe the behavior of the system. Physical constraints that govern power flow within the system is ignored. Power flow-based models, on the other hand, take into account the physics of power flow, power capacity limits of components and other engineering details of the system [55] .
Topological-based models have two main advantages: (i) they are computationally efficient especially for complex systems or in a case where system performance under various scenarios is desired, and (ii) significantly less data about a system is required to evaluate reliability. While power flow-based models provide more accurate description of system performance, they are computationally complex [55] [56] [57] [58] [59] . Furthermore, detail information about engineering properties of system components is required for such an analysis. Since the aim of this research is to focus on distribution poles which define the topology of the system, a topological-based performance measure is adopted herein.
Considering the lateral lines in a distribution system as the load points, a simple network performance measure can be obtained using the weighted reliabilities of system components. The system reliability is thus given by Equation (12) [60, 61]:
where is the accessibility of the ith lateral lines which is defined as the probability that power is not delivered to the ith lateral line; is the load served by ith lateral line (kVA, kW, or number of customers); is the total load served by the system (kVA, kW, or number of customers); and is the total number of load points in the system.
is evaluated based on power flow, i.e., the probability that power is not delivered to a lateral line depends on the probability of failure of all lines upstream. The probability of failure of a line is evaluated using Equation (13) 
where is the probability of failure of a central pole and is the probability of failure of an adjacent pole conditional on the failure of the central pole. The conditional probability of failure of the adjacent poles is evaluated by increasing their applied load by 50% to account for load sharing after the failure of the central pole. Equation (13) is applied to each pole in a line and each line is modeled as a series system. As such, the probability of failure of a line increases as the number of poles increases, which will in turn decrease overall system performance.
Maintenance Strategies: Impact and Optimization
Description of Maintenance Strategies
Maintenance in the context of power distribution systems can be broadly divided into corrective and preventive maintenance. Corrective maintenance involves replacement of poles after failure in this case. Replacement can be triggered by two reasons: (i) due to failure of a pole caused by hurricane wind, and/or (ii) due to pole strength falling below a specified strength as a result of decay. Hence, failure here is defined as either exceeding the limit state in Equation (2) or the pole strength falling below a specified level. Failed poles t due to hurricane wind effect are assumed to be replaced with poles of the same class. The second reason for pole replacement depends on industry practice or guideline. In the U.S., NESC [63] recommends the replacement or reinforcement of poles when their strength falls below 67% of the initial strength. It is assumed that poles that reach the strength threshold are identified and replaced or reinforced during network inspections.
Preventive maintenance involves measures taken to slow down decay or improve the strength of a decayed pole in order to prolong its service life. These measures include using chemical treatments (pentachlorophenol, Osmoplastics, creosote, copper naphthenate, chromated copper arsenate etc.) and strengthening using fiber-reinforced polymers (FRP) or steel. Preventive maintenance measures can help to reduce overall maintenance cost and revenue loss by reducing the probability of failure of components, which also leads to improvement in system reliability as well.
Preventive maintenance can be time-based, condition-based, or a combination of both.
Time-based preventive maintenance
Time-based preventive maintenance of utility poles is usually carried out at fixed intervals. Inspection intervals vary depending on utility company policy and can range from 3 to 6 for some companies and up to 8 years for others [2, 3] . The vast majority of inspection methods in the U.S. involve a combination of visual inspection, sounding with a hammer, and boring with a drill [3] . Other methods include using a Shigometer and sonic devices. These methods have uncertainties associated with them, which are not considered in this research. During an inspection, the remaining strength of poles is ascertained based on which decision is made whether to do nothing, apply treatment, reinforce the pole, or replace it. Time-based preventive maintenance is appropriate for components with a welldefined ageing process. It can, however, lead to the uneconomical use of resources as maintenance actions are carried out without regard to the condition of components.
The most common time-based preventive maintenance for utility poles is chemical treatment. If chemical treatment is carried out, it is assumed that decay is temporarily halted and a new time lag is added to the progress of the decay.
At the end of the new time lag, decay resumes with the same rate pre-treatment. The chemical treatment considered in this research is the use of Osmoplastic which is an external diffusing chemical barrier. In a survey of 261 utility companies in the U.S., Mankowski et al. [3] reported that a majority of the respondents, over 40%, reported using Osmoplastic for external decay control. The new lag time added by applying Osmoplastic is taken as 5 years [25] .
Condition-based preventive maintenance
Condition-based preventive maintenance is carried out based on the estimate of component condition which in this case is the extent of decay. For wood poles, condition-based maintenance can be devised based on a strength-time plot such as the one shown in Fig. 3 . Maintenance action can be delayed for new poles due to the time lag before the initiation of decay. Inspection interval can also be extended after the application of chemical treatment or strengthening of poles.
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The condition-based maintenance strategy considered in this research is the use of fiber-reinforced polymers (FRP) alone and in combination with chemical treatment. FRP have become one of the most common materials proposed for repair and strengthening of aged or damaged structural timber components such as beams, piles, and bridge components. Studies have shown that the use of FRP can significantly improve the strength of aged or damaged components and have advantages such as minimum installation time and high strength-to-weight ratio [64] [65] [66] . As such, the use of FRP seems to be a promising repair method for decayed wood poles. Saafi and Asa [24] studied the effectiveness of using an in situ wet layup FRP in strengthening in-service wood distribution poles. The strengthening method involved installing an FRP jacket of length 3 times the diameter of the pole around the decayed area of the pole at the groundline. Field tests were carried out on 30-year-old class 4 southern pine poles and structurally intact poles were used for comparison. The poles were tested in a cantilever bending following the procedure by ANSI [67] for wooden pole testing. It was noted that in all cases, failure occurred at or near the groundline. The results of the field tests from Saafi and Asa [24] are summarized in Table 2 . D is diameter at ground level and L a is lever arm (force application point to ground line).
It can be seen from Table 2 that the 30-year-old damaged poles have a strength that is less than 67% of the initial strength which by NESC [63] requirement should be replaced. The application of FRP restored between 85% and 89% of the initial strength. Note that all the damaged poles in Table 2 are 30-year-old poles. However, in this research, the repair using FRP will not necessarily be made when the poles are 30 years old. Hence, it is necessary to determine the contribution of FRP to strength regardless of age. It can be seen from Table 2 that the FRP added 24 MPa, 27 MPa, and 25 MPa to the strength of P1, P2, and P3, respectively. Therefore, for the purpose of demonstrating the proposed framework, it is assumed that repair using FRP will add 30% of the initial maximum strength (i.e., 80 MPa × 30% = 24 MPa) to the strength of the repaired pole irrespective of the time of repair. It is acknowledged that the level of improvement in strength due to repair by FRP will depend on factors such as the type of FRP used and how it is installed, among others. Hence, in this research, it is assumed that the FRP and installation method from [24] are used.
It is assumed that after the installation of FRP, the underlying wood continues to decay with the same rate prior to installation. It is possible that the FRP jacket will affect the rate of decay by affecting factors such as moisture content and oxygen level. However, due to lack of data, it is assumed here that the nature of the FRP-wood interface has no effect on decay rate. Little research has been carried out to investigate the deterioration of strength with time of FRP especially when used for repair of distribution poles. There is, however, some evidence, though inconclusive, that wood decay fungi can affect the strength of FRP overtime [68] . It is assumed in this research that the strength of the FRP will deteriorate due to fungal attack and other environmental factors with a rate that is half the deterioration rate of the wood [24] . 
Maintenance Optimization
Deregulation, scarcity of resources, increasing demand for higher levels of reliability, and pricing concerns are forcing utility companies to come up with methodologies that will guide decision making on how resources are allocated to various projects and maintenance policies. Optimization techniques can be employed to guide decision making concerning resource allocation and maintenance policy selection. The aim of maintenance optimization is to select a strategy from a pool of maintenance policies that satisfies prescribed objective functions such as minimizing cost and/or maximizing performance. In this research, optimization based on cost, service life, and system performance will be carried out. These objective functions are first optimized individually and after simultaneously using a multi-objective optimization approach. In all cases, the decision variable is the time to implement the preventive maintenance strategy.
Cost
The objective here is to determine the optimum repair (or replacement) age of the poles that will minimize the total maintenance cost (preventive and corrective) over a period of time. The repair, in this case, is the installment of FRP to untreated and periodically chemically-treated poles. This is achieved by employing renewal theory which aims to determine the optimum renewal point (installment of FRP) that minimizes the expected cost C(T) experienced during [0, T]. General discussion of renewal theory can be found in [69] and [70] . For an infinite time span, the objective function is expressed as the expected total cost per unit time as shown in Equation (14) [70, 71] :
where is the annual total cycle cost; is the cycle length or the time between renewals; is the time span ( ) considered for the analysis. In this case, the expected total cycle cost, , consist of the cost of preventive
[ ( )]
maintenance ( ), and the cost of corrective maintenance ( ) whereby . This is because in many situations, > the failure of a pole during operation is costly and even dangerous. In a case where a component is characterized by decay or wear, which leads to increase in failure rate, it might be more cost-effective to repair or replace it before it deteriorates too much. In the case of a failure, includes the cost of pole replacement under emergency conditions, revenue loss due to power outage, and in some cases, regulatory penalties. The total cycle cost is given by Equation (15):
where is the cumulative distribution function (CDF) of the service life of the pole, which models the probability ( ) that failure will occur before renewal, and is the survival function of the pole which is equal to . The ( )
distribution of the service life of the poles is assumed to follow a Weibull distribution with a COV of 25% [21] . The mean value of the service life is found based on the decay rate as the age in which the pole strength fall below 67%
of the initial strength. The expected cycle length, , is given by Equation (16):
The objective function in Equation (14) is then given by:
To find the optimum renewal (repair or replacement) time, we seek to minimize Equation (17) as given by Equation (18), which is then simplified to Equation (19):
where is the hazard function or failure rate. A solution exists for Equation (19) if is continuous and strictly ℎ ( ) ℎ ( ) increasing which holds true for the Weibull distribution [70] . For the Weibull distribution, is given by Equation
where and are the parameters of the Weibull distribution, which are computed using the method of moments.
In Equation (19), is the additional cost incurred if corrective action is carried out rather than preventive action. The ratio on the left side of Equation (19) can, therefore, be used to decide whether or not it is advantageous to carry out preventive maintenance as will be seen later in the case study results. The cost-based optimization formulation writes:
Subject to:
where is the optimal time of implementing preventive maintenance strategy; is the initial pole strength; is the initial diameter of the pole; is the decay rate of the pole which is a function of time; and is the target ( ) service life (e.g., = 50 years).
Service life
In this case, a constraint optimization with the objective of maximizing the service life of the poles is performed. The optimization is formulated as follows:
Subject to: ≤
where is the service life of the pole; is the decay rate of the FRP; and is the time it takes the strength of the pole to reach the NESC strength threshold (time for pole strength to fall to 2/3 of initial strength). The optimization problem is solved numerically by evaluating the service life of the poles with preventive maintenance performed at a different point in time or intervals as will be seen in the case study. The constraint of is ≤ satisfied if the preventive maintenance is carried before the strength of the pole falls below 2/3 of the initial strength due to decay. Hence, the maintenance scheduling period in this case is from the time of pole installation to .
System performance
The objective here is to find the optimal FRP repair age for untreated and chemically-treated poles based on system performance considering NESC strength requirement constraint. The NESC strength constraint can be satisfied if the repair is carried out before the strength of a pole falls below 2/3 of the initial strength, . As the system performance varies with time due to decay and increase in hurricane hazard level due to climate change, the minimum system performance over a specified period is considered in this formulation for the optimization. Indeed, it is considered that FRP repair is implemented at the minimum system performance time. The optimization is formulated as follows: 
where is the minimum system performance over a selected period; is the fragility of the poles which is ( ) a function of time due to decay; is the probability density function of hurricane wind speed which is a function ( ) of time due to climate change impact; is the probability of failure of a line in the system; and and are the loads served by the ith lateral line and the system, respectively. The optimization problem is solved numerically by evaluating the minimum system performance over a selected period for various values of . Maintenance optimization with respect to system performance leads to a reliability-centered maintenance (RCM). This is an improvement over condition-based maintenance as it considers both the probability of component failure as well as the system impact should failure occur.
The optimization problems involving service life and system performance involve non-linear objective functions that cannot be stated explicitly as functions of the decision variable (optimum preventive maintenance time, ).
Moreover, the time-dependent nature of some of the variables involved in the optimization further complicates the solution. As such, numerical exhaustive search method is used to solve the problems. This is feasible because there is only one decision variable, and the constraint that in both cases implies the interval in which the ≤ optimum lies is finite. Additionally, is an integer, which also reduces the solution space.
Multi-objective optimization
In this case, a multi-objective optimization involving all the three objectives is performed. As the results of the individual solution of the three objectives are not identical, as will be seen later in the case study, a multi-objective optimization of the three objectives has to involve a trade-off. Therefore, the aim here is to find a Pareto optimum solution using one of the common methods of multi-objective optimization. In cases where the decision maker has to prioritize some objectives over others, hierarchical methods such as the utility function method (weighting function method) and the lexicographic method can be used [72] . In this case, however, the global criterion method is used as it does not require ranking or assigning weighting factors to the objectives. The global criterion method aims to minimize a function which is a measure of how close an obtained solution is to the ideal solutions of the objectives.
The multi-objective optimization is formulated as follows [73] :
Subject to: ≤ and
where is the number of objectives; is the th objective function; is the ideal or optimal solution for the th objective; and is a constant. Recommended values of are 1 and 2 [73] [74] [75] [76] . Other values can also be used. For the cost optimization, the objective is to minimize the annual total cycle cost given by Equation (17) . Note that even though the NESC strength requirement is not explicitly stated as a constraint in the cost optimization, the assumption that the mean service life of the poles used to solve Equations (17) and (19) is the time it takes for the pole strength to equal to 2/3 of the initial strength indirectly constraint the optimal solution to ensure that the FRP repair is carried out before the pole strength falls below the NESC requirement. For the service life and system performance optimizations, the objective is to maximize the service life and the minimum system performance, respectively.
As mentioned earlier, the maintenance strategies considered in this research are chemical treatment to temporarily stop decay and use of FRP to strengthened decayed poles. Carrying out both maintenance strategies do not require service interruptions to customers. Additionally, the time to carry out the maintenance is negligible compared to the maintenance scheduling period. As such, maintenance period for each pole is not considered in the optimization formulations. It is also assumed that there is adequate manpower to carry out the maintenance actions. Hence, manpower requirement is not considered as a decision variable or a constraint in the optimization formulations.
Case Study
Power Distribution System
The power distribution system adopted for demonstrating the proposed framework is shown in Fig. 7 and 8 . It is the power distribution system of a virtual city called "Micropolis" developed at Texas A&M for use in infrastructure research. Researchers have used the power system to study the potential impact of various hazards on distribution systems [20, 77, 78] . The system serves a city approximately 2 miles by 1 mile with about 5,000 residents and it is assumed to be located on the east coast of Florida, with the middle of the city located at 27.6 o N and 80.4 o W. The city has one substation with two three-phase feeders that branched off to smaller three-phase sub-branches and singlephase laterals that deliver electricity to customers. The system serves 434 residential, 15 industrial, and 9 commercial/institutional customers including 3 schools and 3 churches [79] . Though a part of the system is originally designed as underground, it is assumed here that the entire system is overhead.
The lines are assumed to be supported by 13.7 m high southern pine poles with a span of 46 m [80] . There are an estimated 661 poles in the system. The three-phase main feeder poles are assumed to support three Aluminum Conductor Steel Reinforced (ACSR) conductor wires with diameters of 18.3 mm and one all-aluminum conductor (AAC) neutral wire with a diameter of 11.8 mm. The single-phase laterals are assumed to support two ACSR conductor wires and one AAC neutral wire. Based on these configurations, the required pole sizes are found to be class 4 and 5 using the reliability-based design method in ASCE-111 [33] for the three-phase and single-phase lines, respectively. The system is assumed to be radially operated at all times. Isolator elements at the upstream of each line allow the system to be reduced to several switchable sections. For simplicity sake, customers in Micropolis are classified into 5 groups with all customers belonging to each group having a fixed average load demand throughout the year as shown in Table 3 [81]. Fig. 7 . Micropolis power distribution system Fig. 8 . Micropolis power distribution system line diagram 21 As mentioned earlier, corrective maintenance here is defined as pole replacement due to failure caused by hurricane wind. The number of failed poles in a line in a given year due to hurricane winds is calculated by multiplying the annual probability of failure of the poles with the number of poles in the line. Failed poles are replaced with poles of the same class. As the city is small compared to the size of a hurricane, it is assumed that the hurricane hazard is the same for all the poles in the city. As such, the hazard curve in Fig. 5 is used for all the poles in the city.
Optimization results
Cost
The result of the optimization based on total maintenance cost is shown in Fig. 9 for condition-based preventive maintenance using FRP only. The cost ratio on the vertical axis is the left-hand side of Equation (20) which is the ratio of the cost of preventive maintenance to the additional cost incurred if failure were to occur. Saafi and Asa [24] estimated the cost of replacing a decayed pole to be around $10,000 compared to the cost of repair using FRP which is about $1,500. This means the cost ratio is about 0.18. Based on this ratio, the optimum repair age without climate change is about 18 years which is much lower than the mean service life of 32 years estimated from Fig. 6 . This implies that since the cost of repair is much less than the additional cost if failure were to occur, the best strategy is to repair the pole much earlier in its life. If decay rate changed by ±20% due to climate change, the optimum repair times are 15 and 23 years which corresponds to a change of -17% and 28%, respectively, relative to the case with no climate change.
A similar analysis is also carried out for a combination of time-based preventive maintenance (chemical treatment every 10 years) and condition-based preventive maintenance (FRP repair at end of service life of chemically-treated wood). Time-based chemical treatment is assumed to be carried out every 10 years as most utilities have regular inspection programs of 8-12 years [82] . The result of the cost optimization is shown in Fig. 10 . For a cost ratio of 0.18, the optimum repair time is 32 years without climate change compared to 18 years if there is no chemical treatment. In this case, however, the cost of the chemical treatment should be considered in decision making. Similar curves can be plotted for time-based chemical treatment intervals other than 10 years. Note that the results in Fig. 9 and 10 are for class 4 poles. Class 5 poles show similar trends. Fig. 11 shows the relationship between time of FRP installment and service life. It can be seen from the figure that service life increases as the age at which the FRP repair is carried out increases. Note that if only FRP repair is considered, then it has to be carried out at or before the time the strength of the pole falls below 67% of its initial strength which is around 32 years. Based on Fig. 11 , it can be argued that in this case, the optimum time of installing the FRP is when the pole reached the end of its service life as defined by NESC. This is contrary to the results in the previous section where the optimum FRP installation age based on cost optimization is less than the service life of the pole. In comparison to the previous case, delaying maintenance operations until the end of the lifetime increases the failure risk. FRP installed at 0, 5, 15, and 30 years are 7%, 6.6%, 6.4%, and 6%, respectively. However, delaying FRP installment implies the pole will have a higher probability of failure before the installment. For example, the probability of failure of the pole at 30 years is 6%. If it is desired to keep the component risk below 6%, then the FRP repair must be carried out before the pole is 30 years old. Fig. 13 shows a plot of chemical treatment interval vs service life. Note that only constant time interval is considered in the plot. It can be seen that the service life decreases as the interval increases. Because of the assumption that chemical treatment completely stops decay for five years after each application, the optimum interval to maximize service life is 5 years. This implies that theoretically, the pole will last forever if it is treated every 5 years. This, of course, is not the case as realistically, the chemical treatment may only slow down the decay rate. Additionally, chemical treatment every 5 years may not be the optimum maintenance strategy in terms of cost as applying a chemical treatment to all poles in a large network every 5 years is an expensive endeavor.
Service life
Based on the slope of the plots that shows the pole strength degradation in Fig. 6 and the results from Fig. 13 , it can be deduced that the optimum strategy for the combination of chemical treatment and FRP repair is to install the FRP at the end of the service life of the chemically-treated pole. Fig. 14 shows the optimization result based on minimum system performance. As the aim here is to find the optimum time for first repair using FRP, the period over which minimum system performance is evaluated is taken as 50 years to allow comparison. This is because, within this period, the strength of FRP-repaired poles will not fall below 2/3 of the initial strength of the poles which will lead to the replacement of the repaired poles. The plots in Fig. 14 only considers climate change impact on hurricane hazard. Similar plots can also be made for cases where climate change affects decay. From Fig. 14(a) , the optimal repair time for FRP repair only is 27 years with and without climate change. The minimum system performance, however, decreased from 58% to 43% due to climate change impact. Note that the system performance at age 0 with all new poles is 88% while the minimum system performance over 50 years with neither chemical treatment nor FRP repair is 7%. Fig. 14(b) shows the optimization result for a combination of chemical treatment and FRP repair. Chemical treatment is assumed to be applied every 10 years. Therefore, the minimum time of FRP repair is 15 years which is at the end of the effect of the first chemical treatment. It is assumed that the periodic chemical treatment is stopped once the FRP is installed. The optimal FRP repair age for the chemically-treated poles is 30 years with and without climate change. Fig. 14 can also be used to find the optimal repair time to maximize service life for a given minimum system performance constraint. For example, in the case of FRP repair only with no climate change impact, if it is desired that the system performance should not fall below 55% over the considered period, the repair can be carried at either around 24 years or 29 years. However, based on the results of Fig. 11 , the repair should be carried out at 29 years to maximize the service life of the poles.
System performance
The results in Fig. 14 can also be used to determine the FRP repair time if minimum system performance is constraint to a certain value. For example, if it is desired to constraint the minimum system performance to ≥ 70% over the 50- year period considered in the case of chemical treatment and FRP repair with no climate change impact, then the FRP repair has to be carried out between approximately 20 and 32 years as can be seen from Fig. 14(b) . Alternatively, the optimization can be formulated based on average system performance over the considered period the result of which is shown in Fig. 15 . It can be seen that the average system performance decreases slowly as the age of FRP repair increases. Consequently, an optimal repair time could be estimated by defining a threshold average system performance. Optimal repair times obtained by this formulation, however, will be very sensitive to this threshold value. In addition, the results based on average system performance do not consider the minimum system performance values that could lead to system failure, and therefore, they compromise system safety. 
Multi-objective optimization results
The results of the three individual optimization formulations are first compared in Table 4 based on minimum system performance over 50 years and cost ratio ( Figs. 9 and 10 ). For illustrative purposes, the comparison in Table 4 is the case with no climate change impact. It is observed that each formulation proposed different FRP repair times that will be related to different costs and system performance. Although the optimal repair time for chemical treatment + FRP for the service life formulation is outside the 50-year period considered in Fig. 14(b) , these results are presented for comparative purposes. Comparing the results based on minimum system performance, the formulations based on cost and service life will lead to experiencing lower system performance within the considered period for the FRP repair only case. For the case of chemical treatment and FRP repair, the minimum system performance of the cost and system performance formulation are similar because their optimum optimal repair times are very close. For both FRP repair only and FRP + chemical treatment, the optimal repair time based on service life gives the lowest system performance over the period. This result is expected because their corresponding repair times are larger than the other formulations, and therefore, latter FRP implementation increases failure risks.
Comparing the results based on cost ratio of each formulation, it is noted that the cost ratios corresponding to service life and system performance formulations are greater than the value obtained for the cost formulation when only FRP repair is considered. This implies that latter repair based on service life or system performance will, in this case, increase failure risk and therefore the cost of corrective maintenance. The optimal repair times based on service life and system performance formulations will only be optimal in terms of cost if the cost of the FRP repair outweighs the additional cost incurred due to failure as indicated by the cost ratio being greater than 1. For the case of chemical treatment and FRP repair, the solution provided by the system performance formulation provides the minimum cost ratio. This means that this repair strategy will be more cost-effective if preventive and corrective maintenance costs are similar for all formulations.
The results of the multi-objective optimization are shown in Fig. 16 using different values of in Equation (24) . For the case of FRP repair only ( Fig. 16(a) ), the optimal FRP repair age considering all three objectives is 18 years for , which is exactly the same as the solution for the cost optimization as shown in Table 4 . For , the
optimal repair time is 21 years. For all values of , the result of the multi-objective optimization is closer to the result of the cost optimization. This is because the relative deviation of the cost function for any value of from its ideal solution is higher than that of the service life and system performance functions. That is, the cost function is more sensitive to the variation of the time of FRP repair, . In situations where service life and system performance are more important than cost, relative weights can be assigned to the objectives. The results of the case with chemical treatment and FRP repair, plotted in Fig. 16(b) , show similar trend. For , the optimum is exactly the same as = 1
the solution for the cost optimization. For , the optimal repair time is 35 years. 5-year increment is used 2 ≤ ≤ 4 due to effect of the chemical treatment. 
Discussion and Future Work
The Micropolis power distribution system considered to demonstrate the framework has one substation and two feeders as mentioned earlier. However, some distribution systems, especially those located in large urban areas, can have several substations with looped or networked topology comprising tens of feeders and hundreds or thousands of sectionalizing switches. This will make computing system performance using the probabilistic method described in this paper tedious. In such a case, the optimization based on cost and service life will be easier to perform.
Alternatively, the optimization can be performed by taking the component performance as the constraint rather than system performance. The component performance will then be quantified in terms of annual probability of failure of the poles due to hurricane winds calculated using Equation (1) . In such a case, Fig. 12 can be used to find the time of FRP repair for a given annual probability of failure constraint.
The Uncertainty in the structural reliability of the poles was incorporated directly in the component risk assessment through fragility analysis and hurricane simulation using Monte Carlo simulation. This includes the uncertainty related to the initial strength of the poles, decay parameters, decay testing variation, decay model, and hurricane occurrence and its parameters as described in Section 2.1. The main source of uncertainty in the models is the decay of the wood poles. Wood decay is a complex phenomenon that depends on various material, environmental, and soil factors. While the decay model used considered uncertainty in the decay rate, the uncertainty related to the initiation of decay is not considered. Hence, the decay model is a deterministic rather than a probabilistic model. Future research will focus on a probabilistic decay model that incorporates uncertainty related to decay initiation and inspection technique and results. Uncertainty related to the impact of climate change on hurricane hazard stems from the level of greenhouse gas emission and epistemic uncertainty related to climate modeling. In this research, a scenario that represents high impact of climate change on hurricane intensity and frequency was considered to demonstrate the proposed framework with the aim of modelling the worst impact. The presented maintenance optimization framework can be used to model different levels of climate change impact scenarios to account for uncertainty in future hurricane patterns.
Since pole replacement is often expensive, resource intensive, and operationally disruptive, preventive maintenance strategies can be used to extend the service life of poles. To determine their cost-effectiveness, however, a more detailed life cycle cost analysis should be performed and is a topic of future study. It is likely that periodic maintenance and repair using FRP will be cheaper than replacement considering the fact that replacement of a damaged pole includes the cost of a new pole, cost of removing and disposing of the existing pole, and cost of transferring conductors to the new pole. A life cycle cost analysis of preventive maintenance strategies should also consider the cost of replacing poles that have reached the NESC threshold for strength. This cost can be substantive especially in large networks with aged components or in networks situated in environments conducive to decay causing organisms.
Conclusions
Long-term risk-based asset management of electric power distribution systems subjected to hurricane hazard requires the consideration of realistic exposure conditions such as climate change impact and deterioration of components.
This paper presented a framework for optimal maintenance of wood poles considering service life, maintenance cost, and system performance as objectives. The framework was demonstrated using a virtual city as a case study and considering periodic chemical treatment of the poles and repair of decayed poles using FRP.
From the result of the case study, it can be concluded that the optimal age of repair of the wood poles depends on the objective. In all cases, the optimization based on service life resulted in the highest optimal FRP repair time. This implies that if it is desired to maximize the service life of the poles, repair at a later age is advantageous. However, this will result in higher probability of failure of the poles which will reduce the system performance measure. On the other hand, if repair actions are performed based on minimum system performance, the repair strategy could be costly. A preliminary study comparing the results for these three formulations indicated that the cost-based one provides, in general, cost-effective repair solutions; however, solutions based on system performance formulation could improve the cost-effectiveness in some cases without compromising system safety. The results also show that the impact of periodic chemical treatment on optimal FRP repair time depends on the selected objective. Chemical treatment significantly increased the optimal FRP repair time based on cost and service life optimization. It, however, had little impact on the optimal FRP repair time when system performance is considered. The optimal FRP repair time based on multi-objective optimization is closer to the optimal based on cost optimization; nevertheless, the results could vary depending on priorities. For instance, a decision maker can assign weight or rank the various objectives in order of importance to solve the multi-objective optimization using one of the hierarchical optimization techniques. This way, the multi-objective optimal will be closer to the optimal of the most important objective.
The results of the case study also show that the potential impact of climate change on hurricane hazard and decay rate can significantly affect maintenance planning. For example, a 20% change in decay rate due to climate change can alter the optimum repair time for cost optimization by as much as 28%. The impact of climate change was also shown to significantly impact system performance. The minimum system performance over a period of 50 years decreased from 58% to 43% due to the impact of climate change on hurricane hazard. However, climate change did not affect the optimal FRP repair time in the case of optimization based on system performance objective. As such, long-term asset management for components that are vulnerable to hurricane hazard should incorporate climate change impact. It is important, however, to highlight that the results of the case study are based on a specific climate change scenario and wood decay model which were selected to demonstrate the proposed framework. Using different environmental and climate conditions could lead to different conclusions.
